The activity of ribonuclease A (RNase A) during adsorption onto molecular smooth mica increases from 16% to 78% in a period of 24 h when compared to its activity in free solution at pH 5 and 20 + 0.5MC. From electropotential plots, the tertiary structure of RNase A, the characteristics of the mica surface, and direct measurements of the intermolecular forces between two adsorbed enzyme layers, a molecular explanation is offered for the changing activity with time.
Initially, the RNase A molecules lie flat-on the mica with their smallest axis perpendicular to and their active site facing the surface. As adsorption proceeds, the molecules slowly reorient until at long times they lie end-on with their largest axis perpendicular to the surface and their active site partially exposed to the free solution. A translational diffusion process is indicated for the phase transition and molecular reorientation of the RNase A molecules.
The propensity for proteins to adsorb onto solid surfaces depends on their molecular properties, including size, charge, and chemical and physical structure. It also depends on the surface characteristics of the solid, the nature of the interactions between the surface and the proteins, and the solubility of the proteins in the solution. Although much of the literature deals with the amount of protein adsorbed as a function of solution concentration (isotherms), attention has recently been given to the mechanisms of adsorption and the structure and stability of the adsorbed molecules (1) .
The activity of biocatalytic molecules such as enzymes at solution-solid interfaces depends on their structural stability (2) . Solid surfaces are able to disrupt intramolecular disulfide and hydrogen bonds and hence the "breathing" structure of enzymes. Intense interactions with surfaces can denature proteins (3), whereas weak interactions often leave the protein conformationally stable.
In this report, we present a molecular explanation for the changing activity of a well-known conformationally stable protein, bovine pancreas ribonuclease A (RNase A) during the adsorption period onto mica. The four disulfide bonds and a very strong hydrogen bonding network support the rigidity of RNase A (4) . Electropotential plots and the well-known crystal structure of RNase A together with the charge condition of the mica surface at pH 5 and 20°C are used to determine the probable orientation of the enzyme molecules at solid-liquid interfaces. Direct measurements of the adsorption kinetics of RNase A onto two curved mica surfaces and ofthe intermolecular forces between two separate RNase A layers (each on a different surface) during the adsorption process are described and used to quantitatively estimate the amount of enzyme associated with the surface and the thickness of the adsorbed layers, respectively. The kinetics of the change in enzyme activity and molecular reorientation of the surface is followed.
MATERIALS AND METHODS
Materials. KCI salt was purchased from Aldrich and was of suprapure grade (99.99+%). RNase A (type III-A, from bovine pancreas, salt fractionated and double chromatographically purified, essentially protease and salt free, with isoelectrical point around 9.2) was obtained from Sigma. Ribonucleic acid (RNA) from bakers yeast was also obtained from Sigma. Ultrapure, high-resistance (18 MW), organic free (<10 ppb total organic carbon) water was prepared in two steps. The pretreatment step used spiral-wound reverse osmosis, activated carbon adsorption, and ion exchange. The polishing step used double UV radiation, double ion exchange, and double ultrafiltration. All solutions were prepared in a dust-free laminar flow hood. Muscovite mica, having the formula KAl2(AlSi3)010(OH)2, was purchased from Asheville-Schoonmaker Mica (Newport News, VA). On the muscovite surface, there are about 2.1 negative charges per nm2 in aqueous solution.
Enzyme Activity Assay. The cleaved mica (-0.1 mm thick) was cut into many small pieces. These pieces were placed into an adsorption vessel containing 0.1 mg of RNase A per ml and 10 mM KCI at pH 5 and 20'C. After adsorption periods of 1, 4, 14, 24, 36 , and 48 h several pieces of mica with adsorbed enzyme were removed from the adsorption vessel and washed with 10 mM KCI solution. Fifteen milliliters of purified yeast RNA at 0.145 mg/ml was added to 15 ml of the solution containing the pieces ofmica with adsorbed enzymes and allowed to react for 40-100 min. Every few minutes, solution samples were removed from the reaction vessel and centrifuged at 10,000 rpm for 2 min. UV absorption at 300 nm was then measured [designated as E(t)] and monitored every few minutes. The initial slope of log(E(t) -Ef) + 10 versus time (min), which was the degradation rate of yeast RNA, was designated as the "Kunitz" unit of enzyme activity (5) . Ef was the long-time equilibrium solution UV absorbance.
Surface Force-Distance Measurements. The technique involves the direct measurement of the intermolecular forces between two separate RNase A layers (each on a different smooth mica surface) as a function of separation distance (6, 7) . It is the same method as that used recently to elucidate the intermolecular forces and conformation of adsorbed molecules between mica surfaces covered with surfactants (8-10), polymers (11) (12) (13) (14) (15) (16) (17) (18) , lipid mono and bilayers (19, 20) , and large flexible rod-like proteins such as bovine submaxillary mucin (4 x 106 daltons) and collagen (13, 21) .
Cleaning and assembly of the apparatus were conducted in a dust-free laminar flow hood. The two clean, dry mica sheets were brought together in the apparatus to determine whether the surfaces were clean. Observation of contamination at this *To whom reprint requests should be addressed. stage aborted the experiment. The mica surfaces were immersed in aqueous electrolyte within a small Teflon bath. The temperature of the room was controlled at 20 ± 0.50C. All solutions were in thermal equilibrium with room temperature for at least 6 h before injection into the Teflon bath.
The enzyme solution, 10 mM KCI and 0.1 mg of RNase A per ml (pH = 5), was injected into the Teflon bath. The mica surfaces were then separated by about 1 mm in the solution and adsorption of proteins was allowed to occur onto the mica. The force-distance measurements were made periodically at 1, 4, 14, and 24 h during the adsorption period. The measured force, F, divided by the local geometric mean radius of mica surface, R, is plotted in the graphs as a function of separation distance, D. The F/R is equal to 27rE, where E is the free energy of interaction between flat surfaces per unit surface area.
The mean refractive index of the medium between the mica surfaces can be obtained by multiple beam interferometry along with the force-distance measurements (6, 7) . This also yields information on the concentration ofRNase A in the gap separating the surfaces, and hence on the surface excess or adsorption of RNase A (12) (13) (14) (15) .
RESULTS AND DISCUSSION
Enzyme Activity During Adsorption. The activity assay data for all adsorption and the free-solution experiments are summarized in Table 1 , where it can be seen that the activity of RNase A increased with time reaching about 73% of the free-solution activity after 24 h and remained constant thereafter. The main goal of this paper is to explain, on a molecular level, the reason for this unexpected increase with time. One would expect that, as additional enzyme molecules reach the surface during the adsorption period and "cover" the previously adsorbed molecules, the activity per weight of enzyme would decrease rather than increase with time. Even if the later arriving molecules do not cover the already adsorbed enzyme molecules, a higher density of surfaceassociated molecules should hinder access of substrate to the active site of RNase A. It is, however, feasible that on initial adsorption most of the enzyme molecules are essentially oriented with their active sites toward the mica surface and that as additional molecules squeeze onto the surface, all of the molecules reorient and expose their active sites to the substrate. This presupposes cooperative enzyme-enzyme interactions.
The RNase A activity during adsorption is plotted in Fig.  1 versus the square root of adsorption time and up to 24 h gives a reasonable linear fit (r2 = 0.986) with an intercept close to zero (= 1.02 Kunitz units/mg of RNase A). After 24 h, the activity levels off. This result suggests a diffusional mechanism and is discussed further below. Regarding the possibility that competitive adsorption between RNA and RNase A occurs during the assay, calculations from the refractive index measurements indicate that the mica was completely covered with RNase A for all times during the experiments equal to or greater than 1 h. Since the adsorbed enzyme layer could not be removed even after several washes with protein-free KCl solutions, and the complete lack of any RNase A activity in the supernatant, it is thus unlikely that RNA molecules replaced RNase A molecules on the surface to any extent. Thus, the RNA substrate was added to the solution only after the RNase A was irreversibly adsorbed onto the mica. Hence, competitive adsorption between RNase A and RNA was insignificant.
Interaction Between Two Adsorbed Enzyme Layers. After the protein solution containing 10 mM KCl and 0.1 mg of RNase A per ml at pH 5 and 20'C was injected into the Teflon bath in the apparatus, the force-distance measurements were made periodically at 1, 4, 14, and 24 h during the adsorption period. The experimental results are summarized in Fig. 2 . The curves in Fig. 2 comprise two linear components connected at a "knee." The short-range repulsive force-distance curves are very steep, whereas the long-range repulsive forces are stronger than that measured in the absence of the enzyme. Both short-and long-range forces and the position of the knee changed during the adsorption process.
The adsorbed layer thickness measured from the distance at which the steric interaction occurs (i.e., the knee) was found to be 28 A at 1 h, 34 A at 4 h, 38 A at 14 h, and 43 A at 24 h. The estimated error in determining the adsorbed layer thickness was ±2 A. If the dissolved RNase A molecule is comprised of the crystallographic dimensions 22 x 28 x 38 A (4) surrounded by a layer of hydrated water molecules of thickness 3 A, then the hydrated dimension is approximately 28 x 34 x 44 A. These dimensions match exactly (within ± 1 A) the layer thickness measured at 1, 4, and 24 h, respectively. This suggests that at 1 h, the hydrated RNase A molecule lay flat-on the surface with its smallest axis perpendicular to the surface, whereas after 24 h, it lay end-on the surface with its longest axis perpendicular to the surface. Between these times, the enzyme moves from one orientation to the other and "stands up" during the adsorption process.
A plot of the thickness of RNase A layers adsorbed on mica with the square root of adsorption time shown in Fig. 3 48.51 A. This together with the activity results (Fig. 1 ) strongly support a diffusion process in which the rate-limiting step is the translational diffusion of RNase A molecules to the mica surface. The process induces a phase-transition in which the adsorbed molecules reorient exposing their active sites.
Because of the strong short-range repulsive forces, the mica surfaces were prevented from coming into molecular mica-mica contact. During compression of the surfaces, the knee was the point at which the adsorbed enzyme layers began to touch and the short-range behavior indicated the compressibility of the adsorbed layers. Steric interactions between the adsorbed RNase A molecules were probably the origin of this short-range repulsion. From Fig. 2 , it can also be seen that the slope of the short-range steric repulsion forces was steeper at both short and long times than at intermediate times. This may be explained by the fact that the adsorbed layers were not easily compressed when the enzyme molecules were supine or standing in the highly oriented organization.
The decay length for the long-range repulsion forces at 1 h was 190 A ( Fig. 2A) and was close to 205 A obtained at 4 h (Fig. 2B ) but was reduced to 82 A and 78 A at 14 h and 24 h, respectively ( Fig. 2 C and D) . Even for these latter times, the long-range repulsive forces measured in protein solution (Fig.  2 ) are much stronger than those measured in aqueous electrolyte (6, 7) and cannot be described by the Derdaguin-Landau-Verwey-Overbeek (DLVO) theory. The long-range forces did however decrease with adsorption time and with increasing salt concentration (not shown). Also, the force- distance profile after 24 h remained relatively invariant even after the protein solution in the apparatus was drained and replaced by a 10 mM KCI solution. Periodic replacement of this salt solution at 6 and 10 h after the first draining had little influence on the results. Protein denaturation from adsorption and agglomeration (dimers or trimers, etc.) and/or ordering of macrosolutes in dilute solution (22) could possibly explain the added long-range repulsion effect. Spongy layers or some fluffy distribution of protein may indeed exist at the outer surface of the primary adsorbed layer and may help explain the increased long-range repulsion forces. If the molecules in the spongy layer are weakly associated and/or very dilute, then it is possible that during compression of the mica half-cylinders, the spongy layer will be squeezed out from between the mica cylinders. Further investigations into the origin of the long-range repulsion effect must be pursued. The attractive forces measured at 1 h ( Fig. 2A ) to bring protein layers into contact were absent thereafter. Perez and Proust (21) have also observed the presence of attractive interactions between mucin layers adsorbed on mica surfaces at low coverages but these forces disappear at high coverages. These attractive forces between adsorbed RNase A layers are probably due to (i) bridging by macromolecules attached simultaneously onto both surfaces and/or (ii) hydrophobic interactions between the exposed surfaces of the RNase A molecules. Increasing surface coverage by adsorbed proteins would limit accessible mica sites for bridging and, because of the rotation of the RNase A molecules, may lessen hydrophobic interactions. The measured adhesion force of protein layers during decompression ( Fig. 2A) , normalized with the local radius of the interacting cylinders, was about 43 mdyne/cm. With the adsorbed amount, 1.7 mg/M2 at 1 h (see Table 1 ), an adhesion energy of 0.4 kJ/mol was obtained between two RNase A layers. This interaction energy is far less than that associated with physical adsorption (-2.4 kJ/mol) (1) .
Electropotential Plots of RNase A. To support the diffusion process proposed above, it is instructive to observe the contours of electrostatic potential around the RNase A surface in Fig. 4 (23, 24) . It is likely that the RNase A molecule was favorably adsorbed onto the negatively charged mica surface (2.1 charges per nm2) with a "flat-on" orientation at the beginning of the adsorption period because of its asymmetrical positive charge distribution. The dominant positive region of the RNase A molecule lay along the __J_~~~~Sl FIG. 4. Contours of electrostatic potential around the RNase A surface (1'/2 kT per electron) at pH 5 and 10 mM KCI. The 124-amino acid sequence of the protein is shown as a heavy black line. Positive potential is shown as light gray regions (the large area on the right), and negative potential is shown as dark gray regions (the small areas) (23, 24) . longest axis of the molecule. The active site (adjacent to histidines 12 and 119) resided in this positive electrostatic potential region. The contours of positive electrostatic potential around the base of the enzyme molecule interacted with the negatively charged surface even while the molecules began to stand-up in an "end-on" orientation during the latter stages of adsorption. It was also likely that in this orientation, the positive region from one molecule interacted with the negative region of its nearest neighbor, stabilizing the adsorbed layer. This provided the necessary cooperative interactions for stabilizing the layer. A schematic drawing of the proposed two-phase model is shown in Fig. 5 .
CONCLUSIONS
Evidence supporting a molecular explanation for the increase in enzyme activity through translational diffusion, phase transition, and reorientation of the adsorbed RNase A molecules is summarized below.
(i) The knee in the force-distance curves for protein adsorption moved out to larger distances at a rate proportional to the square root of adsorption time.
(ii) The location of the knee initially and finally corresponded to the shortest (28 A) and longest (44 A) dimension of the hydrated RNase A molecule, respectively.
(iii) From electropotential plots, the active site was located on the electropositive face of the RNase A molecule, which was attracted early on in the adsorption process to the negative mica surface (at pH 5 of the solution). This obscured the active site to the RNA substrate in solution.
(iv) Although completely covered with a monolayer of hydrated enzyme (15) during the adsorption period (1-24 h), refractive index measurements showed that the adsorbed amount of RNase A increased 41% during this same period ( Table 1 ). The only possible way for the additional molecules to adsorb onto the surface was for them to occupy less surface area per molecule. Thus, at later times, the active site became more (rather than completely) exposed as it was lifted away from the surface. Because the molecules were amphoteric, they could align with opposite charged faces interacting electrostatically and cooperatively and, thus, could stabilize the adsorbed layer.
(v) The short-range steric repulsion force-distance curves were steeper at short and long times than at intermediate times. This suggests a relatively incompressible adsorbed layer initially and finally that is consistent with the proposed two-phase model as shown in Fig. 5 .
(vi) Finally, enzyme activity also increased linearly with the square root of adsorption time.
